Introduction
Organic semiconductors have received considerable attention in recent decades because of their potential applications as flexible, lightweight and large-area electronic devices such as organic field-effect transistors (OFETs), electroluminescent devices and solar cells [1] [2] [3] [4] . Among these devices, OFET is the most technologically interesting device because it can function as the main system of logic components in an electronic circuit. Complementary integrated circuits from both pand n-channel OFETs are widely viewed to be the linchpin of the next generation of electronic devices because of their lower consumption, simple patterning technique and large noise margin [5] . However, the processes that govern the charge carrier mobility are still not completely understood, and thus, predicting the transport characteristics of a new transistor material remains a challenge. In this sense, the characterization of single crystal OFETs provides an insight into the intrinsic mechanisms of charge transport in the absence of grain boundaries or defects which tend to decrease the charge carrier mobility [6] [7] [8] [9] [10] [11] .
We recently synthesized two types of dinaphthothienothiophene isomers, dinaphtho [1,2- [3,2-b] thiophene (21DNTT), and used them to generate single crystal OFETs [12] . The single crystal DNTT based OFETs showed typical p-channel MOS-FET characteristics and a high field-effect mobility of up to 2.4 cm 2 V -1 s -1 was achieved. Compounds based on this type of fused chalcogenophene compounds are widely investigated and known to be air-stable and high-performance p-channel transistor materials [13] [14] [15] [16] [17] [18] . In this study, we synthesize a new type of fused chalcogenophene based transistor material, (4,4'- Figure 1) , and investigate the characterization of single crystal OFETs based on the newly developed material.
Experimental
All chemicals and solvents are of reagent grade or better, unless otherwise indicated. DPh-21DNTT was synthesized as shown in Scheme 1. The starting compound 21DNTT [12, 14] was brominated using Br 2 and the resulting compound (A) was reacted with PhB(OH) 2 . The crude product, DPh-21DNTT, was purified by column chromatography and then recrystallized seven times from chloroform, to provide the purified product in 50% yield. All the compounds were characterized by 1 H NMR (400 MHz) and MS spectroscopy.
Organic single crystals were grown by horizontal physical vapor transport under an argon gas flow [19] . The evaporating material was purified by vacuum sublimation before use and heated to 280 C in the hot zone of a two-zone furnace. The second zone of the furnace was maintained at 250 C. The crystals grew spontaneously on the wall of a glass tube in the lower temperature zone of the furnace.
Top-contact type single crystal OFET devices were prepared by crystal lamination (Figure 2 ) [12, 20] . We used an n + -doped Si wafer with 210 nm thick thermally grown SiO 2 , as a substrate for the lamination, which was treated with a thin film (ca. 30 nm) of a polymer insulator such as poly(methyl methacrylate) (PMMA) or poly(styrene) (PS). The polymer insulators were spin-coated at 2000 rpm from toluene solutions and then annealed at 120 C for 4 h (PMMA) or at 90 C for 1 h (PS) on a hot plate under N 2 atmosphere. A thin and detect-free DPh-21DNTT single crystal was carefully selected and laminated over the substrate. Source and drain electrodes were incorporated with a colloidal graphite paste.
The electrical properties of the OFET devices were measured using an Agilent 4155C semiconductor parameter analyzer under vacuum at room temperature. The field-effect mobility (μ FET ) was extracted from the saturated regime of the drain current (I d ) using the equation
, where C i is capacitance of the insulator, and V d and V th are the gate and threshold voltages, respectively. The current on/off ratio (I on /I off ) was determined from the maximum (I on ) and minimum (I off ) values of I d .
Molecular orbital (MO) calculations were performed by density functional theory (DFT) methods at the B3LYP/6-31G(d) level using the Gaussian09 program [21] .
Results and discussion
DPh-21DNTT was successfully synthesized from 21DNTT using a two-step procedure as shown in Scheme 1. The resulting yellowish Ph-21DNTT was thermally stable, and fully planar crystals of Ph-21DNTT were obtained by horizontal physical vapor transportation. A top-contact type single crystal OFET device was fabricated using a crystal lamination technique. Figure 3 shows the typical output characteristics of the OFETs based on DPh-21DNTT single crysta1s with a PS-treated SiO 2 insulator. The DPh-21DNTT based device exhibits a bipolar feature with both p-and n-type characteristics, such as a diode-like current increase at low gate voltages with current saturation at high gate biases, which is similar to the phenomena observed for the reported ambipolar OFET materials with nearly balanced hole and electron mobilities [22, 23] . The charge carrier mobilities of the hole and electron were calculated using the saturation current equation. A linear fit was applied in the saturation region of the (I d ) 1/2 versus V g curves to calculate the mobility. The field-effect mobilities of the Table 1 . The field-effect characteristics were strongly influenced by the applied polymer insulator. The reported contact angles with water for PMMA and PS are 68 and 98, respectively [20, 21] . Hydrophobic insulators are known to be favorable for high performance thin-film as well as single crystal OFETs [24, 25] . In the 6-months shelf lifetime tests, no significant degradation of the p-and n-channel characteristics of the DPh-21DNTT based device was observed.
To obtain further information on the relationship between molecular structure and FET characteristics, the electronic properties of 21DNTT and DPh-21DNTT were calculated with the DFT MO calculation [B3LYP/6-31G(d)] embedded in the Gaussian 09 software package. The resulting molecular orbitals and energy diagrams are shown in Figure 4 . The HOMO energy levels of DPh-21DNTT is slightly higher than that of unsubstituted 21DNTT, and the LUMO energy levels of DPh-21DNTT is slightly lower than that of the unsubstituted 21DNTT. It is well known that the OFET characteristics can be controlled by the work function of the electrodes and polymer insulators that can neglect the effect of the carrier trap [26, 27] . However, the value of the LUMO energy (-1.69 eV) is slightly higher than typical ambipolar transistor materials [23, 28] . The detailed mechanism responsible for the field-effect characteristics is under investigation.
Conclusion
We successfully fabricated single crystal OFETs on the basis of DPh-21DNTT. The single crystal OFETs showed typical ambipolar OFET characteristics, and the field-effect mobilities of the holes and electrons are estimated to be 8. 
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